We propose a method to engineer the phonon thermal transport properties of low dimensional systems. The method relies on introducing a predetermined combination of molecular adsorbates, which give rise to antiresonances at frequencies specific to the molecular species. Despite their dissimilar transmission spectra, thermal resistances due to individual molecules remain almost the same for all species. On the other hand, thermal resistance due to combinations of different species are not additive and show large differences depending on the species. Using a toy model, the physics underlying the violation of resistance summation rule is investigated. It is demonstrated that equivalent resistance of two scatterers having the same resistances can be close to the sum of the constituents or ∼70% of it depending on the relative positions of the antiresonances. The relative positions of the antiresonances determine the net change in transmission, therefore the equivalent resistance. Since the entire spectrum is involved in phonon spectrum changes in different parts of the spectrum become important. Performing extensive first-principles based computations, we show that these distinctive attributes of phonon transport can be useful to tailor the thermal transport through low dimensional materials, especially for thermoelecEmail address: haldunsevincli@iyte.edu.tr, Phone number: +90 232 750 7612 (Hâldun Sevinçli)
Introduction
Graphene has not only peculiar electronic properties but unique phononic and thermal properties as well. [1, 2] It is required to have control over its phonon transport properties for efficient thermal and thermoelectric applications. There are several proposals for that purpose, some of which are reducing the dimension by fabricating nano-ribbons, [3] introducing defects [4] and edge-shape disorder [5, 6] , including isotopes with different distributions such as random atomic distributions and cluster formations, [7] geometrical structuring, imposing out-of-plane deformations, [8] hybrid schemes of geometrical structuring and isotope clusters, [9] and clamping the out-of-plane modes by molecular functionalization. [10] Apart from these, interference, a fundamental aspect of wave-propagation, has immense effects on transport, especially at the nano-scale. Antiresonance and Fano lineshapes are manifestations of interference and they have been major topics in electronic transport in recent years. [11, 12, 13, 14, 15, 16, 17] In electronic transport, only the features close to the Fermi level affect the conductance, independent of the richness of interference patterns in the rest of the spectrum. On the other hand, phonon transport involves the whole spectrum, most of the contribution to thermal current coming form the low-energy acoustic modes. Recently, phononic crystals which rely on phonon interferences were fabricated, [18, 19] two-photon interference principle was shown to be applicable to phonon transport. [20] It was also shown that structural resonances [21] , ring-type structures [22] and three-dimensional architectures [23] can be engineered to control phonon transmission via interference effects. We should distinguish between two types of interferences. One is due to multiple reflections between scatterers. At the dilute scatterer limit, this is expected to have minor effect on total transmission. The second one takes place due to coupling to the adsorbate's vibrational modes, which is at the primary focus of the present study.
Here, it is shown that antiresonances introduced in the transmission spectrum upon molecular functionalization can be tuned by suitable choice of molec-ular species, and that it is possible to engineer thermal transport by choosing suitable combinations of scatterers. We investigate the conductance values for a large set of possible combinations, and demonstrate that it is possible to engineer thermal transport by using ensembles of molecular adsorbates. In order to do that, we first investigate a toy model. Then, we simulate realistic systems using the density functional theory based tight binding (DFTB) and atomistic Green function (AGF) methods. (see Figure 1(a-b) ) Having obtained the transmission spectra (TS) for individual scatterers, we employ scaling theory within the cascade scattering approximation to compute the TS for different ensembles of scatterers. We show that, resistance summation rule does not apply to phonon transport and that this opens a way to engineer thermal transport.
Toy model
We use a toy model to explore the fundamental features of phononic antiresonance lineshapes upon molecular functionalization. Interference due to side groups has been widely studied in electron transport. [12, 13, 14, 11] Inspired by those studies, we consider a monatomic linear chain with a side group. (see Figure 1(b) ) The left and the right parts are considered as semi-infinite pristine hot and cold reservoirs, whereas the central part is the scattering region. For the sake of simplicity, all masses are assumed to be equal (m) and all spring constants are equal to k 1 (k 1 =mω 2 1 ) except the one that binds the side group to the chain (k 2 =mω 2 2 ). The retarded Green function of the scattering region can be expressed as G(ω)=(ω 2 −2ω
, where Σ L/R are the self energy functions due to coupling to the reservoirs and Σ S is that due to the side group. [24] Σ L/R are continuous functions up to ω max , whereas Σ S has discontinuities because of its discrete vibrational spectrum. The lowest resonance in the DOS is due to the zero frequency translational mode of the free molecule, which is shifted due to coupling to the reservoir. Higher frequency resonances are due to internal degrees of freedom of the molecule. These vibrations are not well hybridized with the chain's modes for ω 2 = 0.2ω 1 , and they stay localized on the molecule as a result of interference. Antiresonance line shapes (see Figure 1c ) are due to these localized modes and their frequencies and widths are determined mainly by two factors; namely the internal degrees of freedom of the side group and the bond strength. We first study the simplest case by including a single atom as the side group, in which the transmission spectrum can be obtained analytically as
with γ=ωω 
First Principles Based Simulations
We simulate graphene, which is functionalized with carbon chains C n H m of different lengths (1≤n≤5) and with aromatic molecules consisting of different numbers of benzene rings, namely benzene, biphenyl and (para-)terphenyl. (see Figure 1 ) The carbon chains are passivated with hydrogen atoms at their ends, and m equals to 3 or 1 depending on whether n is odd or even, respectively.
The simulations are carried out using the DFTB method. [26, 27, 28, 29] The periodic boundary conditions are applied in both x-and y-directions. 
where T is temperature, k B is Boltzmann constant. [31] Transmission spectrum (ζ) and thermal conductance (κ) are normalized with the width of the simulation cell. The weight function is defined by using Bose-Einstein distribution function as p(x)=−x 2 ∂f BE /∂x, where f BE =(e x −1) −1 and x= ω/k B T . A note on the weight function is in order here. At low frequencies, lim ω→0 p = 1, independent of temperature and it decreases monotonically with increasing frequency. This is one of the reasons for the domination of acoustic modes in thermal transport.
At high temperatures, the weights of all modes equalize, that is p 1 for
In Figure 2 (a-b), ζ and κ values are plotted for different functional groups and compared against that of pristine graphene. Even though the transmission spectra include a richness of features depending on the molecular species, κ values are almost the same in the entire temperature range. At room temperature, the difference between the maximum and the minimum of κ values is only 0.03 nW K −1 nm −1 , which is about 2.5% of the average value, whereas the variance is σ 2 = 10 −4 nW 2 K −2 nm −2 . Namely, the fine structure in the transmission spectra are averaged out within the conductance integral. In electron transport, antiresonances affect electrical conductance significantly, which is the key for many sensor applications, but the bosonic nature of phonons make it impossible to detect the fine details of the spectra in the conductance.
Besides the fact that thermal resistances of the studied side groups are almost equal, their combinations generate large variances, which is also an outcome of the bosonic statistics. In wave mechanics, it is well known that resistances due to two distinct scatterers can not be added in the coherent regime (see e.g. Ref. [32] ) but it is possible to combine scatterers to obtain the overall transmission in the quasi-ballistic and diffusive regimes according to the scaling theory. [32, 33, 34] One can show that the reduction in conductance due to two Table 1 : The minimum, maximum and average thermal conductance values (κ min , κav and κav), standard deviation (σ) and the ratio of σ to the average (σ/κav) are tabulated for systems including 100 chemisorbed molecules. The number of molecules is fixed, the number of molecular species (Nsp) ranges from 1 to 8. κ and σ values are normalized with width and given in nW K −1
antiresonances is larger when the antiresonances are distinct rather than having equal frequencies.
Transmission due to n scatterers can be calculated using the cascade scattering approximation [35, 36] as
where ζ o/i is the transmission of the pristine system or due to the side group i and n i is the number of those side groups, n= i n i . For electrons at zero 
where z 
One notes that κ o = k B /2π dω p ζ o is the pristine conductance. Here, reductions due to distinct antiresonances are additive. When the antiresonances are at the same frequency, ω 1 =ω 2 =ω , that is when z 1 =z 2 =z , one has ζ/ζ o = 1 − 2(2 + z ) −1 and
The factors p i /(1 + z i ) and 2p /(2 + z ) are then the effective weight factors standing for reduction in conduction due to resistors. In Figure 3e This inequality means that the reduction is larger when the antiresonances are distinct. Now, we investigate the effect quantitatively. We choose three scatterers (s 1 , s 2 and s 3 ) with corresponding Lorentzian antiresonances centered at ω 1 =ω max /4, ω 2 =ω max /2, ω 3 =3ω max /4 with half widths at half minima ∆ω=0.01 ω max .
At the high temperature limit (p = 1) the reduction in conductance due to a single scatterer is 2.96%, independent of the antiresonant frequency. Namely their resistances are equal, R(s 1 )=R(s 2 )=R(s 3 )=0.032R 0 , where R 0 =k B ω max /2π is the contact resistance. The critical cases are when two scatterers are present.
When the antiresonances are distinct, e.g. s 1 and s 3 (Figure 3a-c) , the equivalent resistance is R(s 1 +s 3 )=0.066R 0 R(s 1 )+R(s 3 ), and the conductance reduction is 6.05%. When the antiresonant frequencies are equal, e.g. both scatterers are s 2 type (Figure 3d-e) , the equivalent resistance is R(s 2 +s 2 )=0.046R 0 <2R(s 2 ), and conductance reduction is only 4.24%. This is one of the major findings of the present work, which proves that phonon conduction violates resistance summation rule.
We should emphasize that the violation is more apparent when the reduction in transmission occurs is due to sharp antiresonances rather than an overall reduction. At lower temperatures, when p i differ considerably, the ratio of prefactors is (p 1 + p 2 )(2 + z )/2p (1 + z 1 ) and the same inequality is achieved if
Otherwise, relative values of z i are determinant.
We should mention that the resistance summation is an exact rule for electrons only at zero temperature, that is when transport is truly monochromatic. At finite temperatures, it is a better approximation for electron than for phonons, simply because electron transport takes place around a small energy window around the Fermi energy.
Violation of the summation rule, in fact, paves a way for tuning thermal transport. The overall transmission spectrum can be tailored by using different combinations of molecular adsorbants. In order to investigate the extend of tunability, we compute κ of graphene samples, each having 100 chemisorbed molecules. Total transmission is calculated using transmission spectra of indi- In Table 1 , minimum and maximum κ values, the standard deviation (σ) and the ratio of σ to the average (σ/κ av ) are tabulated for different N sp at T =100, 300, and 750 K.
For N sp =1, the combined resistances are expected to be similar, because the resistances of single molecules are almost the same (see Figures 2(b) and 4(a)). However, this is not fulfilled at low temperatures. At 100 K, the ratio of standard deviation to average conductance σ/κ av is 0.527. This is because smaller number of modes contribute to transport at low temperatures. At higher temperatures, as the number of contributing modes is larger, fine details become less important. At room temperature, σ/κ av becomes as low as 0.066. That is, at room temperature and higher temperatures, one can alter κ by 5 to 10% for the mono-species case. (see Table 1 ) At 300 K, κ min and κ max can be reduced by 31% and 40%, respectively, by changing N sp from 1 to 8. 
Conclusion
A general scheme to engineer thermal transport properties of thin materials is proposed. Using the toy model, it is shown that antiresonances in the transmission spectra are determined by the molecular species and its coupling to the surface. Moreover, it is proven with the model that resistance summation rule is violated in phonon transport, which is due to the fact that relative positions of antiresonances play a major role in determining the total resistance. This fundamental feature of bosonic transport is shown to enable an engineering scheme for controlling thermal transport. At room temperature, κ of a graphene sample with a fixed number of scatterers is reduced from 0.257 nW K 
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Supplemental Material
Atomistic Green functions− Green function is defined as G= (ω + iδ)
where D ij =Φ ij / √ m i m j is the dynamical matrix element, Φ ij is the force constant between (i, j) degrees of freedom, m i,j are the corresponding masses, and δ is an infinitesimal positive number. Employing a partitioning scheme, the system is divided into fictitious parts as the central region (C), the left and the right reservoirs (L, R). The center part of the Green function can then be expressed
the self energies that account for the reservoir contributions, g L/R being the free Green functions of the reservoirs. The density of states is obtained as ρ(ω)=−2ω Im G/π, and the transmission spectrum is calculated using The molecular coordinates are optimized separately and then they are binded on graphene. For this, 12×9×1 super cell of the rectangular graphene unit cell is used with periodic boundary conditions and 3×5×1 k-point sampling.
The geometry of the combined system is optimized with fixing graphene atoms fixed except the one on which the molecule is adsorbed and its three nearest neighbors. Keeping the rest of graphene's atoms mimics the presence of an underlying substrate. Interatomic force constants are obtained using finite displacement method as implemented in the PHONOPY package. [30] In transport calculations, 100 k-points are used in the transverse direction and semi-infinite pristine graphene sheets are used as the reservoirs.
Transmisson spetra and DOS of functionalized graphene− In Figure S1 , 
